This article describes the first development phase of a centrifugal compressor with variable geometry which is designed to match the needs of future heavy-duty engines. Requirements of truck engines are analyzed, and their impact on the properties of the compressor map is evaluated in order to identify the most suitable kind of variable geometry. Our approach utilizes the transformation of engine data into pressure ratio and mass flow coordinates that can be displayed and interpreted using compressor maps. One-dimensional and three-dimensional computational fluid dynamics fluid flow calculations are used to identify loss mechanisms and constraints of fixed geometry compressors. Linking engine goals and aerodynamic objectives yields specific recommendations on the implementation of the variable geometry compressor.
Introduction
While turbocharger turbines with variable geometry have been successfully investigated and developed for years, variable geometry compressors boosting internal combustion engines have never left the phase of early concept studies. This circumstance is mainly caused by the fact that requirements and constraints of the engine and its charging system were not considered as a whole at the first stages of the design process. This leads to concepts that fulfill the goals of engine development only partly or even fail to stay within certain constraints. At Daimler Trucks with its captive turbocharger development department, the research of engine and turbocharger thermodynamics and compressor aerodynamics go hand in hand and thus allow for a development approach of a variable compressor geometry where the concept can be matched exactly to the needs and requirements of future heavy-duty engines.
The following course of actions was chosen to find the most suitable variability concepts:
1. Engine performance analysis. Identification of the goals and restrictions of future truck engines;
2. Compressor characteristics analysis. Analysis of the impact of engine needs on the compressor map and behavior; 3. Aerodynamic loss analysis. Aerodynamic investigation of the root causes that lead to the underperformance of fixed geometry compressors regarding the identified engine goals; 4. Conclusion. Formulation of the aerodynamic requirements for a variable system, estimation of the effects on compressor map and engine benefits.
Previous work focuses mainly on the testing of variable compressor concepts rather than preliminary considerations. This section provides a brief overview of variable geometry compressor concepts and the engine goals to be achieved. In order to improve engine dynamics by manipulating the specific work of the compressor, variable radial and axial guide vanes can be used.
1,2 Doing so, the rotational speed of the turbocharger during part load operation can be raised decreasing the amount of energy needed to accelerate the rotor and thus yielding a faster transient response. Variable axial guide vanes are also used to extend the surge margin to lower flow rates. [3] [4] [5] This is done by inducing a preswirl and thus influencing the incidence of the flow at the impeller blade leading edge. This enables the compressor to deliver boost pressure at very low mass flow rates. Hence, the engine torque curve can be moved to lower engine speeds. The downside of adjustable geometric features in the inflow of the compressor is the inherent total pressure loss due to wall friction and possible flow separations contrary to the lossless upstream flow of fixed geometry compressors. Reducing losses after the impeller, variable geometry compressors with vaned diffusers are capable of increasing the efficiency and improving the surge margin at the same time. [6] [7] [8] These concepts are characterized by stringent demands regarding the design and control of the adjustable system due to the high number of moveable parts and very narrow compressor maps of the static geometries.
The main contribution of this work is the identification of the most suitable type of variable geometry compressor by analyzing the engine goals and requirements and evaluating the consequences for the compressor characteristics and the underlying aerodynamics.
Engine and compressor performance analysis

Overview of engine goals
Objectives of engine development that can be achieved with the aid of a variable geometry compressor can be divided into three degrading levels of importance. The first level is crucial and the third one means that there is only low necessity to improve this aspect, but a variability should not worsen the current status. Although this article focuses on heavy-duty engines ( . 10 L), the investigation of engine goals has been done for medium engines as well in order to gain insight into common targets that might yield the desire for the same type of variable compressor geometries ( Table 1) .
The following sections give a further explanation of the engine target headlines and the relevance toward compressor properties and behavior.
Decrease in fuel consumption
Decreasing fuel consumption means reducing operating costs of the customer and at the same time helping to meet exhaust emissions regulations that gain both importance and demand.
To identify the most significant operating points regarding fuel consumption, the amount of fuel injection per unit time is multiplied with the time distribution of a load cycle and divided by the total amount of consumed fuel. This yields a density function which equals 100% integrated along These values are shown in Figure 1 for two disparate duty cycles: Round track Stuttgart-Hamburg-Stuttgart (S-HH-S) with a tonnage of 40 ton and a typical distribution transport route with a load of 25 ton. The engine in both cases is a six-cylinder, 12.8-L engine displacement satisfying the EuroVI exhaust emission regulations. The contour map shows the percentage of fuel consumption for each operating point.
While the truck running S-HH-S operates and consumes fuel in a very narrow speed band with a distinct fuel consumption peak at maximum torque, the distribution transport truck map looks very different with a widespread speed area and many scattered consumption maxima. Figure 2 shows for which operating points the engine efficiency has to be raised in order to decrease overall fuel consumption for a specific load cycle. With regard to the turbocharger, there are two ways to reduce fuel consumption: less backpressure at the turbine for the same amount of boost pressure (less pumping losses) or more boost pressure coming from the compressor using the same shaft power and thus the same turbine backpressure. Either way it is the compressor efficiency that is directly linked to engine fuel consumption. Tests 9 show that a 4% raise in compressor efficiency decreases fuel consumption by 1% at full load. Transferring the engine data of the load cycles to the corresponding compressor maps shows the regions where a reduction in compressor losses is most beneficial. Although the two diagrams in Figure 2 vary widely, the outcome for the centrifugal compressor is very similar. It is not only the compressor peak efficiency that needs to be raised in order to save fuel for both duty cycles but rather the efficiency level close to the full load curve between the surge margin and the parabola of maximum efficiency. Under the premise of keeping the compressor size constant, the adjustable geometric features of a variable (1) compressor have to minimize the losses in the left half of the compressor map for all speeds.
Low-end torque and altitude power reduction
For reasons of downspeeding and drivability, the torque at small engine speeds needs to be increased and the operating point of maximum torque has to move to lower engine speeds. This would mean for the full load curve in the compressor map to move to the left, but soot and surge limit stand in the way of this endeavor. Soot as a result of a combustion air deficit arises from the severely dropping compressor efficiency at small mass flow rates throughout all compressor speeds. To allow for higher torque at low engine speeds, losses that occur in the complete left half of the compressor map have to be minimized. Furthermore, the surge limit has to move to the left which means the point of total flow reversal of a speed line needs to emerge at lower mass flow rates and/or higher pressure ratios. High altitude power reduction occurs when the air density and/or ambient temperature call for higher compressor rotational speeds and higher compressor outlet temperatures than allowed by material specifications. In this case, the engine has to decrease fuel injection in order to keep the speeds and temperatures at a level where durability is not affected. To avoid derating, shaft speed and outlet temperatures at a given operating point have to be lowered. Figure 3 indicates that the temperature critical region is located in the upper left corner of the compressor map. This is where efficiency has to be raised in order to avoid a temperature-related decrease in fuel injection. At high speeds, more pressure build-up is needed in order to accomplish the same pressure ratio at lower speeds and thus prevent critical rotational speeds at all mass flows.
Engine brake, dynamics, noise
The Daimler heavy-duty engine platform utilizes a Jacobs Jake Brake which belongs to the class of decompression brakes. A hydraulic circuit activates the braking system which opens one of the two exhaust valves in the vicinity of the top dead center. During this compression release, the gas escapes from the cylinder into the exhaust manifold. This results in a negative net torque at the crankshaft for the engine operating at a counterclockwise thermodynamic cycle. While in braking mode, the compressor operates at high mass flow rates and low pressure ratios. Its maximum speed limits the braking power output. It is reached not only because of the low boost pressure but also of the proximity to the choke margin. Compressor efficiency at high mass flow rates deteriorates very fast; pressure losses therefore are very high. Consequently, two options are available for more braking power. An increase in both pressure ratio and choke mass flow allows for higher masses at low pressure to be compressed and therefore enables more power supplied by the engine brake.
The turbocharger lag, which is the most significant reason for deficient engine dynamics, is caused by insufficient air supply to the engine at a load step. Besides increasing power delivery to the rotor at low engine load and speed by decreasing the turbine size or utilizing a variable turbine geometry, there are three alternatives that involve the centrifugal compressor:
1. Decrease rotor inertia. The rotor can accelerate faster when the inertia is smaller. However, the compressor mass is very small compared to the turbine and so the leverage is negligible. 2. Decrease difference of rotor speeds for load jump operating points. Fewer revolutions needed for the same pressure ratio at the end of a load jump means less speed difference and thus less energy that has to go into the rotating system to speed up the inertia. An increase in specific work or efficiency is needed to keep the speed band as narrow as possible. 3. Raise compressor efficiency. A more efficient compressor at the operating points where the load step takes place implies directly a benefit to boost pressure and therefore air supply.
Engine part load operating points correspond mainly to the center of the centrifugal compressor map and thus to the region of maximum efficiency. Along the way to the full load, the compressor passes through the left half of the compressor map until the full load curve is reached. Hence, analogous to the compressor conclusions arising from the engine efficiency target, the isentropic efficiency has to be raised at low mass flow rates for all speeds.
Turbocharger noise emissions can arise from imbalance issues, commonly named as first-order noise, from supersonic shocks at the impeller blade tips at very high rotational speeds or from flow incidence effects. Possible solutions are as follows: decrease in rotor speed by increasing the compressor-specific work input at high speeds or decrease in the angle of incidence and flow turbulence at the impeller inlet.
Thermal management, costs, durability
Engine exhaust gas after-treatment systems require high temperatures for catalysis or to burn soot residues in the diesel particulate filter. Piston outlet temperatures, however, meet those requirements only at high load and low engine speeds. If an engine is operated mainly at part load (e.g. city busses), the engine has to switch to specific regeneration modes for short time periods. The timing and procedure of these cycles is called thermal management. These can be backed by the charging system and a variable compressor, respectively, by preserving the compressor map width but deteriorating its efficiency. This way, the charge air mass flow decreases. This enables a higher piston outlet temperature.
Costs can emerge from the expenses of a single turbocharger or the need of a charging system with two or more turbo machines. Variable geometries can hardly reach the price of a fixed geometry but may help to avoid multiple charging systems depending on the requirements of the engine. Multi-staged charging systems as used when the manifold intake pressure is higher than can be delivered by a single turbo can be replaced by a variable system that allows for higher pressure. Sequential turbo systems are commonly used when the engine needs a wider operating map than a single compressor has to offer. In this case, a variable geometry needs to either move the surge margin to the smaller or the choke line to higher mass flows.
High and alternating rotational speeds of the turbocharger are main drivers for fatigue failures. Reducing speed and thus reducing the magnitude of speed differences at different operating points mean the compressor has to raise its pressure ratio at all speed lines or utilize a variable system where the compressor can deliver all pressure ratios at a single speed by adjusting the specific work input.
Summary of engine and compressor performance
In the previous subsections, all engine goals are linked to desired compressor characteristics. These are mainly as follows: higher efficiency at low flow rates h low , higher maximum efficiency h max , higher pressure ratio P, improved surge margin _ m min and higher choke mass flow _ m max . Matching engine and compressor goals in a matrix offers the opportunity to cluster both engine and compressor targets.
Not mentioned in Table 2 is the support for thermal management which can only be established by deteriorating compressor efficiency.
One can see that there are engine goals which conclude the same or similar compressor goals, for example, durability and noise, both have the need for lower rotational speeds, or efficiency and low-end torque, which have the need for higher compressor efficiency at low flow rates. Accomplishing one compressor goal means that multiple engine objectives may profit.
Aerodynamics
The following section identifies the aerodynamic shortcomings and constraints of a fixed geometry compressor with regard to the compressor goals as named in Table 2 . This leads to the formulation of fluid dynamic requirements that need to be considered implementing a variable geometry compressor in order to achieve the engine objectives as stated in section ''Introduction.''
Pressure ratio and efficiency
As derived in Japikse, 10 the pressure ratio at a given rotational speed v is a result (simplified by ignoring disk friction, cavity leakage and recirculation work) of the specific work w s and compressor efficiency
Assuming constant compressor efficiency, there are only four ways to raise the total-to-total pressure ratio:
1. Reduce inlet diameter (only if there is swirl c u, 1 ); 2. Decrease positive swirl or induce negative swirl at the inlet; 3. Increase outlet diameter; 4. Increase outlet tangential velocity.
With respect to the development of a variable geometry compressor, especially the first two terms can be used for manipulating the specific work input. The latter two will be hard to implement without severe efficiency loss.
Besides raising the specific work, another possibility to increase pressure ratio at constant speed is to raise compressor efficiency. Unfortunately, this cannot be analyzed by simple equations but needs to be investigated with the help of one-dimensional (1D) calculation tools and three-dimensional (3D) computational fluid dynamics (CFD) (see Appendix for simulation setup). Utilizing 1D fluid equations as derived and validated in Hamann et al., 11 the flow states at the interfaces between impeller, diffuser and volute can be evaluated and analyzed. This way, the loss distribution for the whole compressor map can be made visible. One can see in Figure 4 (a) that diffuser and volute do not only account for the majority of losses at every operating point at high speeds, but the losses after the impeller even increase compared to the impeller at low mass flow rates. This shows that adjustable geometric features in the flow after the impeller have the most potential to increase overall efficiency and especially to reduce losses at low mass flow rates.
The main reason for the entropy production in the diffuser, especially at high speeds, is the high Mach number of the fluid exiting the impeller. Mach numbers even increase at decreasing mass flow rates because the impeller blades are strongly backswept. At a given rotor speed, backsweep angle and impeller outlet temperature, the absolute impeller outlet Mach number Ma 2 can be calculated with
This function has a minimum at
and corresponds to meridional velocity at the point of maximum efficiency of the centrifugal compressor. According to Kra¨mer, 12 total pressure losses are proportional to squared velocity. Therefore, major parts of the decreasing efficiency to the left and right of efficiency peak originate from increasing impeller outlet Mach number. Analyzing 3D CFD simulations shows further reasons for losses at low mass flows. Values Figure 4 (b) depict the dissipation power generation as derived in Herwig and Kock 13 and thus spots in the fluid regime that account for a decrease in efficiency. The high loss region right after impeller exit can be attributed to highly nonuniform flow (Jet/Wake, described in Eckardt 14 ) combined with high Mach numbers. Throughout the whole diffuser, the fluid particles move on a logarithmic spiral: 10 The smaller the mass flow, the higher the flow angle and thus the longer the flow path in the diffuser. The boundary layer thickens. Combined with the diffusion in the volute because the flow states are apart from the optimal design conditions, the heavily weakened boundary layer may separate. This results in the loss region at the volute inlet.
A majority of loss mechanisms in the left half of the compressor map are based on the high flow angle due to the high tangential velocity in the diffuser. Reducing tangential velocity means reduced Mach numbers, reduced flow path, thinner boundary layers and better flow conditions at volute inlet. Losses at high mass flows are mainly correlated to high Mach numbers due to high meridional velocity and the proximity of the choke margin which is analyzed in the next section.
Choke and surge Figure 5 shows the supersonic areas in the fluid regime at choke operating point. The surface where the fluid enters this supersonic area determines the narrowest cross section. In contrast to the classical convergentdivergent nozzle problem, this area of Mach1 transition is not straight but very curved. Supersonic speed is first reached at about 80% hub-to-shroud after the ported shroud suction slot from where it spreads to both sides further downstream until the whole passage is covered with supersonic fluid. Before reaching the strong shock in the diffuser that is accountable for heavy losses, some fluid particles decelerate in the channel before they reach Mach1 again at the impeller exit.
Besides raising charge air temperature before entering the compressor (for higher fluid velocity at Mach 1 at constant density and flow area), the only other way of increasing choke mass flow is to widen the narrowest cross section. If done locally at one point in the compressor, this will move the critical area further downstream with only little positive effect. Hence, the whole channel cross section beginning after the suction slot of the ported shroud until the end of the pinch has to be widened in order to reach a distinct raise in choke mass flow.
The aerodynamic reasons for surge cannot be named in a similar simple fashion. Surge characteristics depend on the system in which the compressor is used and is a highly transient phenomenon. Flow separations in combination with a positive gradient of the speed line in the compressor map lead to complete flow reversal. To avoid surge, a negative gradient of the speed line has to be maintained by reducing the losses that occur in the left half of the compressor map or raising the specific work.
Aerodynamics summary
In summary, four aerodynamic goals are identified in order to reach the identified compressor requirements. These are as follows: decrease the tangential velocity in the diffuser c u, 2À5
À ; increase the impeller flow area A Ã 1À2 + ; decrease positive preswirl or induce negative swirl at impeller inlet and decrease inlet diameter D À 1 , only effective if there is a preswirl. These aerodynamic goals can now be linked to the compressor requirements that can be met (Table 3) .
The aerodynamic objectives point to geometric measures that have to be implemented to reach the compressor and hence engine targets. The conclusions of these forethoughts lead to the following concepts:
1. Decrease the tangential velocity in the diffuser with the help of variable diffuser vanes for more efficiency at low mass flow rates and a better surge margin. Less fuel consumption and better low-end torque characteristics will be the engine benefits. 2. Raise the specific work output with the help of less or negative preswirl for turbocharger downspeeding and thus better engine dynamics, durability and less noise. Variable inlet guide vanes and concepts with variable inlet diameter 15 or pre-whirl 16 can be used. 3. Increase impeller flow area for more choke mass flow, less efficiency loss at high mass flows and thus better engine brake capabilities and widening of the compressor map which may avoid the use of multiple turbochargers. Variable ported shroud concepts may arise from this requirement.
The challenge of developing a variable compressor system to use with an internal combustion engine will not only be to reach one of the aerodynamic, compressor and engine goals but also to maintain the performance of a non-variable system that is essential for all the remaining engine goals and restrictions as pointed out in section ''Engine and compressor performance analysis.''
Conclusion
Analysis of the engine goals to be reached with a variable geometry compressor shows that for heavy-duty engines the main objectives are increasing engine efficiency and the ability to raise low-end torque. Support for thermal management, costs and improvement in the engine brake system are also of importance, whereas high altitude power reduction, durability and noise act more as constraints for variable compressor systems that should not worsen. The weighting and ranking of these targets differ for medium-duty engines whereby the top rated decrease in fuel consumption and increase in low-end torque keep their top priority position.
Fuel consumption data for two contrasting load cycles are transferred from the engine operating map to the compressor map. This reveals the need to increase compressor efficiency at low mass flow rates for all speeds close to the full load curve. This will be equally beneficial to the enhancement of maximum torque at low engine speeds. The majority of the remaining engine objectives aim for reduction in the rotational speed which can only be done by increasing the specific work for a given compressor size.
Aerodynamic analysis as the next step points out that a negative preswirl induced for instance by variable inlet guide vanes is a possible way of manipulating rotor speed. Evaluation of 1D and 3D CFD calculations shows that a reduction in tangential velocity in the diffuser is not only very beneficial for the efficiency at low mass flow rates but also holds the capability to influence the surge margin and thus helps to accomplish the needed torque at low engine speeds. This way, the two top heavy-duty engine priorities can be accomplished with only one aerodynamic action.
Manipulating tangential velocity without risking flow separation or back-flow in the diffuser can only be done with the use of guide vanes. The importance of efficiency calls for aerodynamic airfoil vanes (contrary to wedgetype vanes that raise static pressure but have poor loss characteristics) with a round or elliptic tip to account for the heavily inhomogeneous flow conditions at impeller outlet. This will also help to minimize readjustments due to varying vane inlet flow angles throughout the compressor map. The static vanes themselves have to maximize the compressor efficiency in the left half of the compressor map, whereas the variability has to ensure that the map width does not deteriorate in order to comply with the identified performance restrictions as for instance durability and noise.
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